A wealth of neuroscience evidence demonstrates that diet and nutrition play an important role in structural brain plasticity, promoting the development of gray matter volume and maintenance of white matter integrity across the lifespan. However, the role of nutrition in shaping individual differences in the functional brain connectome remains to be well established. We therefore investigated whether nutrient biomarkers known to have beneficial effects on brain structure (i.e., the omega-3 polyunsaturated fatty acids; ω-3 PUFAs), explain individual differences in functional brain connectivity within healthy older adults (N = 96). Our findings demonstrate that ω-3 PUFAs are associated with individual differences in functional connectivity within regions that support executive function (prefrontal cortex), memory (hippocampus), and emotion (amygdala), and provide key evidence that the influence of these regions on global network connectivity reliably predict general, fluid, and crystallized intelligence. The observed findings not only elucidate the role of ω-3 PUFAs in functional brain plasticity and intelligence, but also motivate future studies to examine their impact on psychological health, aging, and disease.
supported by numerous studies investigating the effects of ω-3
PUFAs on brain and cognition in elderly adults (Bos, van Montfort, Oranje, Durston, & Smeets, 2016; Kobe et al., 2016; McNamara, Asch, Lindquist, & Krikorian, 2018; Zamroziewicz, Paul, Rubin, & Barbey, 2015; Zamroziewicz, Paul, Zwilling, & Barbey, 2017a , 2018 Zwilling et al., in press ). This literature provides evidence for structural changes in gray matter volume within brain regions widely implicated in executive functions (frontal and parietal cortex), episodic memory (hippocampus), and emotion (amygdala). Additional findings demonstrate positive associations between ω-3 PUFA, white matter structural integrity, and cognitive measures of executive function in older adults (Gu et al., 2016; Witte et al., 2014) .
Despite recent advances in understanding the impact of ω-3
PUFAs on brain health, remarkably little is known about their role in shaping individual differences in functional brain connectivity. Indeed, dietary intake of ω-3 PUFAs represent a primary source of individual differences in nutritional status (Ervin, Wright, Wang, & Kennedy-Stephenson, 2004) . Moreover, individuals exhibit sizeable inter-individual differences in brain structure and function, which are closely linked to cognitive and behavioral traits (Seghier & Price, 2018) . The present study therefore investigated whether plasma biomarkers of ω-3
PUFAs reliably predict individual differences in the functional brain connectivity as measured by resting state functional magnetic resonance imaging (fMRI).
The emerging field of Network Neuroscience has established a data-driven technique for connectome-wide association studies that provides a comprehensive voxel-wise survey of brain-nutrition relationships to characterize individual differences in the functional brain connectome, entitled Multivariate Distance-based Matrix Regression; MDMR; (Shehzad et al., 2014; Talukdar et al., 2017; Talukdar, Roman, Operskalski, Zwilling, & Barbey, 2018) . This approach represents a significant methodological advance-breaking away from the standard assumption that brain-nutrition associations are univariate, whereby nutrition is associated with only one functional connection at a time (i.e., between regions of interest or between voxels in a whole-brain analysis). In this multivariate framework, the simultaneous contribution of entire sets of functional connections to ω-3 PUFA status are evaluated, enabling the simultaneous assessment of multiple connections that may characterize the global effects of nutritional status on individual differences in functional connectivity more accurately.
The functional connectivity patterns obtained from MDMR can be further examined for their contributions to general, fluid, and crystallized intelligence. In particular, brain regions representing sources of inter-individual variability are likely to exhibit differential network connectivity across the connectome-providing an index of global brain network influence that may predict cognitive performance (Barbey, 2018) . Indeed, recent studies demonstrate that ω-3 PUFA's are associated with increased functional brain activity and cognitive performance in healthy adults (Boespflug, McNamara, Eliassen, Schidler, & Krikorian, 2016; Bos et al., 2015) , raising the question of whether these findings are also demonstrated in healthy older adults.
Specifically, are ω-3 PUFAs associated with individual differences in the functional brain connectome and do these neurobiological differences predict performance on tests of intelligence?
To investigate this hypothesis, we examined whether the global network influence of regions sensitive to ω-3 PUFAs reliably predict general, fluid, and crystallized intelligence (as measured by the Wechsler Abbreviated Scale of Intelligence; WASI-II). The present study therefore examined: (i) whether ω-3 PUFA status is associated with individual differences in functional brain connectivity-conducting a connectome-wide association study; and (ii) whether the global network influence of ω-3 PUFA-sensitive regions reliably predict performance on tests of intelligence. Thus, by conducting a comprehensive investigation based on a connectome-wide association study, the present work examined the respects in which the functional brain connectome-spanning all regions and functional connections-is associated with ω-3 PUFAs, moving beyond standard univariate methods to elucidate the global effects of ω-3 PUFAs on individual differences in functional brain plasticity.
| MATERIALS AND METHODS

| Study participants
The present study examined 96 healthy elderly adult patients from the Illinois Elderly Adult Cohort recruited through Carle Foundation Hospital. The research conducted in the present study is unique and complements prior research conducted from this cohort (Zamroziewicz & Barbey, 2016 , 2018 Zamroziewicz et al., 2015 Zamroziewicz, Paul, et al., 2017a , 2016a Zamroziewicz, Talukdar, Zwilling, & Barbey, 2017b; Zamroziewicz, Zwilling, & Barbey, 2016b) . No participants were cognitively impaired, as defined by a score of lower than 26 on the Mini-Mental State Examination (Folstein, Folstein, & McHugh, 1975) . Participants with a diagnosis of mild cognitive impairment, dementia, psychiatric illness within the last 3 years, stroke within the past 12 months, and cancer within the last 3 years were excluded. Participants were also excluded for current chemotherapy or radiation, an inability to complete study activities, prior involvement in cognitive training or dietary intervention studies, and contraindications for magnetic resonance imaging (MRI). All participants were right handed with normal, or corrected to normal vision and no contraindication for MRI. 
| Standard protocol approval and participant consent
| Biomarker acquisition and analysis
Plasma lipids were extracted by the method of Folch, Lees, and Sloane Stanley (1957) . Briefly, the internal standard (25 μg each of PC17:0) was added to 200 μl of serum, followed by 6 ml of choloroform:methanol:BHT (2:1:100 v/v/w). The protein precipitate was removed by centrifugation (2,500g, 5 min, 4 C). Then 1.5 ml of 0.88% KCl was added to the supernatant, shaken vigorously, and the layers were allowed to settle for 5 min. The upper layer was discarded and 1 ml of distilled water:methanol (1:1 v/v) was added, the tube was shaken again and the layers allowed to settle for 15 min. The lower layer was transferred into a clean tube and evaporated to dryness under nitrogen. The phospholipid subfraction was separated by solid-phase extraction using aminopropyl columns as described by Agren, Julkunen, and Penttila (1992) . Then the phospholipid fraction was methylated by adding 2 ml of 14% BF3-MeOH and incubating at 95 C for 1 hr (Morrison & Smith, 1964) . The supernatant containing the fatty acid methyl esters (FAMEs) was dried down under nitrogen, resuspended in 100 μl of hexane, transferred into amber GC vials and stored at −20 C until the time of analysis.
The phospholipid FAMEs were analyzed by a CLARUS 650 gas chromatograph (Perkin Elmer, Boston MA) equipped with a 100 m × 0.25 mm i.d (film thickness 0.25 μm) capillary column (SP-2560, Supelco). Injector and flame ionization detector temperatures were 250 and 260 C, respectively. Helium was used as the carrier gas (2.5 ml/min) and the split ratio was 14:1. The oven temperature was programmed at 80 C, held for 16 min and then increased to 180 C at a rate of 5 C/min. After 10 min, the temperature was increased to 192 C at a rate of 0.5 C/min and held for 4 min. The final temperature was 250 C reached at a rate of 405 C/min and held for 15 min.
Peaks of interest were identified by comparison with authentic fatty acid standards (Nu-Chek Prep, Inc. MN). The plasma phospholipid lipids of interest were eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3). These fatty acids were used to generate an index of ω-3 PUFA status, defined as the percentage of EPA + DHA of total red blood cell fatty acids (Harris, 2008) . This index calculated for each participant was also adjusted for six potential confounding variables, including age (continuous), gender (nominal, man/woman), education (nominal, five fixed levels), income (nominal, six fixed levels), body mass index (continuous, hereafter BMI), and depression status (nominal, yes/no) in accordance with prior studies (Witte et al., 2014; Zamroziewicz, Talukdar, et al., 2017b) .
| Neuropsychological tests
General intelligence was measured by the Wechsler Abbreviated Scale of Intelligence-second edition (WASI-II) (Stano, 1999) . The WASI-II assesses general intelligence by investigating performance on four subtests: block design, matrix reasoning, vocabulary, and similarities.
In the block design subtest, participants were asked to reproduce pictured designs using specifically designed blocks as quickly and accurately as possible. In the matrix reasoning subtest, participants were asked to complete a matrix or serial reasoning problem by selecting the missing section from five response items. In the vocabulary subtest, participants were asked to verbally define vocabulary words (i.e., "What does lamp mean?") that became progressively more challenging. In the similarities subtest, participants were asked to relate pairs of concepts (i.e., "How are a cow and bear alike?") that became progressively more challenging. Per scoring guidelines, participants' raw scores were converted to standardized scores and combined into an estimated intelligence quotient score, which provided a measure of general intelligence. In addition, participants' fluid intelligence was assessed from the combined block design and matrix reasoning subtests; and their crystallized intelligence was assessed from the combined vocabulary and similarities subtests. 
| MRI data acquisition
| MRI data preprocessing
All MRI data processing was performed using FSL tools available in The distance matrix used in MDMR was derived from individual differences in functional connectivity profiles between each brain parcel. For each participant, functional connectivity was computed from pairwise correlations between mean BOLD time courses extracted from gray matter parcels that were common to all participants. A total of 665 parcellated regions comprising gray matter voxels across the whole brain were found to be common across all participants. The correlations were Fisher's Z-transformed to improve normality. Next, dissimilarities between participants' functional connectivity profiles
, where, r represents the Pearson correlation between the connectivity profiles for a participant pair and brain region. All pairwise dissimilarities were then entered into a distance matrix. MDMR was then applied in the final step to test the degree to which ω-3 PUFA status explained variability in the distances between participants' functional connectivity profiles at each region separately. MDMR is designed to identify the presence of an association between ω-3 PUFA status and distances between subjects' functional connectivity patterns and, as a consequence, does not assess the directionality of the observed associations.
A pseudo-F statistic was computed at each region/parcel representing the proportion of variance explained in ω-3 PUFA status by the distances between participants' connectivity profiles. A p-value was then computed for each region by comparing the pseudo-F statistic from the original data to a simulated null distribution derived from performing 10,000 random permutations of the participant indices and computing the pseudo-F statistic at each iteration. The p-values were converted to one-sided Z-scores and adjusted for multiple comparisons using Gaussian Random Field (GRF) correction (Li, Guo, Nie, Li, & Liu, 2009 ). The Z-scores were then projected back onto the MNI152 brain template. Next, FSL autoaq tool was used to determine center of mass (COM) coordinates of clustered regions by applying a one-tailed voxel level threshold of Z > 1.6 (p < 0.05) and a minimum cluster size of 10 voxels.
| Support vector regression
Prior research suggests that individual differences in functional brain connectivity predict performance on tests of intelligence (Talukdar et al., 2017 (Talukdar et al., , 2018 Barbey, 2018) , motivating an investigation of whether the observed individual differences associated with ω-3
PUFA status predict performance on these measures. To test this relationship, we applied support vector regression (SVR) to assess whether ω-3 PUFA sensitive regions reliably predict measures of intelligence (general, fluid, and crystallized) based on their whole brain connectivity strength. We chose SVR over a standard multiple linear regression framework as SVR can operate on a high dimensional feature space and provides a sparse solution that is more generalizable and less prone to over-fitting (Smola & Schölkopf, 2004) . A linear SVR kernel was applied so that individual weights computed for each feature (the whole brain connectivity strength of each ω-3 PUFA sensitive region) could be easily interpreted in terms of their relative contributions toward predicting scores derived for general, fluid, and crystallized intelligence. The analysis framework for SVR was conducted using the Python "scikit-learn" machine learning modules (http://scikit-learn.org/stable/index.html). The SVR analysis entailed the following steps.
1. SVR Inputs. Inputs to SVR were comprised of whole brain connectivity strength values derived for each ω-3 PUFA sensitive region. 2. SVR Parameter Tuning. Linear kernel SVR requires tuning two meta-parameters ε and C, which determine model complexity.
The parameter ε is used to control the width of the "epsilon- Cluster peaks were identified from each of the three surface brain maps using FSL autoaq tool.
3 | RESULTS
| Participant characteristics
Our study sample comprised 96 older adults (age range: 65-70; mean age: 69 years; 61% females). Participant demographics are reported in Table 1 .
| Multivariate distance-based matrix regression
We applied multivariate distance-based matrix regression (MDMR) to investigate whether individual differences in functional brain connectivity were associated with nutrient biomarkers of ω-3 PUFAs (see Methods section for details on the MDMR framework). Results from the MDMR analysis are presented in Figure 1a , which illustrates brain regions whose patterns of connectivity have significant associations with ω-3 PUFA status (p < 0.05, cluster corrected using Gaussian random field theory, GRF). Table 2 presents cluster peaks of brain regions identified from the map in Figure 1a . A broadly distributed pattern of cortical regions was observed, including areas within the frontal (frontal pole and anterior cingulate gyrus), temporal (hippocampus and amygdala), parietal (posterior cingulate gyrus and precuneus), and occipital cortex (primary visual cortex and lateral occipital cortex) (see Table 2 and Figure 1a ). As Figure 1a illustrates, several brain regions have large spatial extent. Specifically, the cluster peak region identified as the right cingulate gyrus (R. CNG: x = 6.3, y = 38.9, z = 10.2) extends to the anterior division in both the right and left hemispheres.
In addition, the right precuneus (R. PCUN: x = 8.02, y = −56.4, z = 21.8) is part of a broadly distributed area that spans the precuneal regions, the posterior cingulate gyrus and also the lingual gyrus.
| Support vector regression
We investigated whether the global network influence of ω-3 PUFAsensitive regions predict general, fluid, and crystallized intelligence Table 4 indicates cluster peak regions identified from the SVR weight map (see Figure 1c) showing 
| DISCUSSION
By conducting a comprehensive investigation based on connectomewide association study methods, the present study examined the respects in which the functional brain connectome-spanning all regions and functional connections-is associated with ω-3 PUFAs.
Our findings support the following primary conclusions.
| Brain regions sensitive to ω-3 PUFA status
The MDMR findings lend support to previous functional neuroimaging studies demonstrating that ω-3 PUFAs are associated with increased functional connectivity within frontal lobe regions mediating executive functions and temporal lobe structures involved in memory and emotion (Almeida, Jandacek, Weber, & McNamara, 2017; McNamara et al., 2010 McNamara et al., , 2013 . In addition, these findings motivate fundamental 
| Global network influence and general intelligence
We applied SVR to identify ω-3 PUFA-sensitive regions that reliably predict general intelligence. Our SVR findings revealed a core set of regions (see Figure 1b) , whose global network influence reliably predicted general intelligence, including the anterior cingulate gyrus, the posterior cingulate gyrus, and the amygdala. The anterior and posterior cingulate, for example, are known to mediate self-referential judgments, decision making, and attentional modulation (Buckner, Andrews-Hanna, & Schacter, 2008) -cognitive skills that represent executive control processes. The amygdala, on the other hand, is involved in social and emotional information processing (Cabeza & St Jacques, 2007; Sheline et al., 2009 ).
In addition, we observed that global network influence of the precuneus and the paracingulate gyrus was negatively associated with general intelligence. The precuneus is known to support memory (e.g., episodic memory retrieval) and attention (e.g., orientation and shifting), in addition to core visual processes (Fletcher et al., 1995; Lundstrom et al., 2003) . The paracingulate gyrus is known to support executive functions required for social information processing, such as Peaks were identified from the SVR weight map indicating relative contribution of ω-3 PUFA-sensitive regions toward predicting general intelligence. Each region name is presented in column 1; columns 2-6 represent the SVR weight standardized to Z-score, cluster size and the cluster center of mass in MNI coordinates, respectively. Abbreviations: L, left; R, right; Z stat, test statistic; CNG, cingulate gyrus; PCNG, paracingulate gyrus; PCUN, precuneus; AMG, amygdala. Peaks were identified from the SVR weight map indicating relative contribution of ω-3 PUFA-sensitive regions toward predicting fluid intelligence test scores assessed from the combined block design and matrix reasoning subtest scores. Each region name is presented in column 1; columns 2-6 represent the SVR weight standardized to Z-score, cluster size and the cluster center of mass in MNI coordinates, respectively. Abbreviations: L, left; R, right; Z stat, test statistic; CNG, cingulate gyrus; PCNG, paracingulate gyrus; PCUN, precuneus; LOCC, lateral occipital cortex.
inferring others' thoughts and beliefs (Amodio & Frith, 2006; Van Overwalle, 2009 ). Evidence further indicates that these regions are functionally disengaged at rest but become active in cognitively demanding executive and attentional control tasks (Gusnard, Akbudak, Shulman, & Raichle, 2001; Loose, Kaufmann, Auer, & Lange, 2003) .
Thus, whole brain connectivity within these regions may vary as a function of specific cognitive demands.
| Global network influence and fluid intelligence
The present study investigated whether ω-3 PUFA-sensitive regions predict fluid intelligence, a core facet of general intelligence that reflects adaptive reasoning and problem solving skills (Carroll, 1993) .
The SVR results (Figure 1c ) reveal regions within frontal and parietal cortex, which have been widely implicated in general intelligence and executive functions (Barbey, Colom, & Grafman, 2013; Barbey et al., 2012) . Specifically, the anterior cingulate gyrus and paracingulate gyrus, which are engaged by tasks that require cognitive control processes (Ramnani & Owen, 2004) , show positive associations between their whole brain connectivity strength and fluid intelligence.
In addition, regions whose whole brain connectivity strength was negatively related to fluid intelligence were observed, including the precuneus and lateral occipital cortex. The precuneus is known to play a central role in episodic memory retrieval (Fletcher et al., 1995; Lundstrom et al., 2003) and the lateral occipital cortex mediates visual information processing (Grill-Spector, Kourtzi, & Kanwisher, 2001 ).
The negative weights within these regions suggest that fluid intelligence relies less on neural mechanisms for episodic memory and visual processing compared with frontal and parietal regions that support executive control and adaptive decision making skills that are central to fluid intelligence (Cole, Yarkoni, Repovs, Anticevic, & Braver, 2012; Gray, Chabris, & Braver, 2003) .
| Global network influence and crystallized intelligence
Crystallized intelligence refers to the use of prior knowledge and experience to solve familiar problems (Carroll, 1993) . The SVR results revealed several brain regions, including the amygdala and anterior and posterior cingulate gyrus, whose whole brain connectivity strength was positively associated with crystallized intelligence (see Figure 1d ). The amygdala together with the anterior cingulate gyrus has been implicated in recognition memory (Canli, Zhao, Desmond, Glover, & Gabrieli, 1999; Kensinger, Addis, & Atapattu, 2011) , while the posterior cingulate gyrus is known to support episodic memory retrieval (Nielsen, Balslev, & Hansen, 2005) . These memory processes contribute to representations of prior knowledge and experience, and therefore play an important role in crystallized intelligence. In addition,
we observed that whole brain connectivity strength within the precuneus and lateral occipital cortex-regions implicated in visual and spatial processing (Cavanna & Trimble, 2006; Grill-Spector et al., 2001 )- 
| Implications of ω-3 PUFAs on healthy brain aging
Prior research has demonstrated that ω-3 PUFAs have a host of beneficial effects on brain health and therefore have important implications for cognitive aging (Bos et al., 2016; McNamara et al., 2018) . Specifically, aging is linked to decline in cognitive abilities such as adaptive reasoning and problem solving skills (e.g., fluid intelligence) (Johnson et al., 2007) and is known to impact executive function and memory (Buckner, 2004; Schacter, Kaszniak, Kihlstrom, & Valdiserri, 1991) .
Recent advances in neuroimaging have enabled the study of structural and functional brain changes that are associated with cognitive aging (Buckner, 2004) . Evidence from structural MRI demonstrates agerelated changes in gray matter volume and white matter structural integrity. Age-related atrophy has been observed across the entire cerebral cortex, for example spanning the superior frontal, middle frontal, and superior parietal cortex (Lockhart & DeCarli, 2014) . Many subcortical regions are also affected, including the caudate nucleus, cerebellum, and hippocampus (Raz, 2005) . Diffusion tensor imaging provides another method for measuring age-related changes in brain structure by assessing the microstructural integrity of cerebral white matter fiber tracts, which can deteriorate with age and lead to a reduction in structural connectivity between brain regions (Betzel et al., 2014) . Several studies have demonstrated reduced microstructural integrity of tracts in the frontal lobe, parietal lobe, and corpus callosum during aging (Nusbaum, Tang, Buchsbaum, Wei, & Atlas, 2001; O'Sullivan et al., 2001 ).
Age-related changes in brain function have also been investigated by functional neuroimaging studies (Park & Reuter-Lorenz, 2009 ). Evidence demonstrates that aging is associated with greater activity in prefrontal cortical regions and weaker activity in posterior regions (Davis et al., 2008; Stuss & Knight, 2013) ; reduced asymmetry in activity of the prefrontal cortex (Cabeza, 2002) ; and changes in functional connectivity between brain regions (Lockhart & DeCarli, 2014 ).
In addition, functional networks that mediate self-referential processing, cognitive control, and attention, also demonstrated age-related decline (Betzel et al., 2014; Marstaller, Williams, Rich, Savage, & Burianova, 2015) . Aging is associated with a reduction in within network connections (as indexed by modularity), indicating that functional networks become less differentiated with age (Geerlings et al., 2014) .
Our MDMR findings indicate that ω-3 PUFA sensitive regions overlap with many of the brain regions implicated in the cognitive aging literature. Several of the ω-3 PUFAs sensitive regions, such as the frontal pole, hippocampus, amygdala, precuneus and the posterior cingulate gyrus, have been shown to be vulnerable to aging and exhibit atrophy in older adults (Fjell et al., 2009 (Fjell et al., , 2013 West, 1996) .
Our MDMR findings provide further evidence that ω-3 PUFAs are associated with functional connectivity patterns primarily within the frontal and parietal cortex-areas that support cognitive control and attention. Results from the SVR analysis complement the MDMR findings by revealing that the underlying network connectivity within many of the ω-3 PUFA sensitive regions is predictive of cognitive operations linked to executive functions, attention and memory.
These findings motivate further investigation of whether ω-3 PUFAs confer beneficial effects on functional brain connectivity and serve to promote the health and longevity of brain regions and associated cognitive skills that are highly susceptible to the effects of aging (Betzel et al., 2014; Marstaller et al., 2015) .
| LIMITATIONS
Although the current study represents one of the largest and most comprehensive investigations of the contributions of ω-3 PUFAs to individual differences in the functional brain connectivity, it is important to present our findings in the light of several limitations. First, the results of the present cross-sectional study motivate a nutritional intervention study to investigate the effects of ω-3 PUFAs on functional brain connectivity. A central question is whether the regions discovered in the present study are indeed impacted by nutritional supplementation of ω-3 PUFAs. Second, future research should investigate whether nutritional supplementation of ω-3 PUFAs has favorable effects on the brain regions, networks, and cognitive skills observed in the present study. Third, as this study is based on an individual difference framework, our findings are sensitive to the demographic characteristics of the study sample. Thus, to better understand the impact of ω-3 PUFAs on functional brain connectivity, future research should investigate the extent to which the reported findings replicate in more diverse populations (e.g., with respect to age, cognitive ability and also gender). Fourth, research investigating the mechanisms by which ω-3 PUFAs influence functional brain connectivity is needed to further elucidate the role of diet and nutrition in healthy brain aging.
| CONCLUSION
While this study is cross-sectional in nature, our findings provide the basis for targeting specific brain regions in longitudinal studies investigating the effects of ω-3 PUFAs on functional brain plasticity. Future longitudinal studies should examine the functional connectivity patterns within these regions and how they change over the course of a nutritional intervention-in an effort to further elucidate how the functional brain connectome is shaped by diet and nutrition to produce beneficial effects on cognition. These discoveries will increase our ability to identify abnormalities in nutrition-related neural circuits and networks relevant to health, aging, and disease. Future investigations of the neural circuits identified through nutritional intervention studies will enhance our understanding of their functional significance, ultimately improving our ability to diagnose and possibly treat a wide range of health and age-related neurological disorders.
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